Introduction
[2] The Los Angeles basin has become an area of intense focus of modern geodetic investigations since the M W 6.8 1994 Northridge earthquake [Hudnut et al., 1996] . This destructive event spurred a significant expansion of continuous GPS (CGPS) coverage in southern California, unlike the 1992 M W 7.3 Landers earthquake that occurred in a lightly populated region and caused minor damage. The goal of regional coverage provided by the Permanent GPS Geodetic Array [Bock et al., 1997] was diverted in favor of densification in the basin in an effort referred to as the Dense GPS Geodetic Array [Hensley, 2000] . Both arrays were later merged into a single array called the Southern California Integrated GPS Network (SCIGN; see http://www.scign.org), which now consists of more than 250 sites with a concentration of sites centered in the basin, as well as a less dense but well-distributed regional component. In parallel, the technique of interferometric synthetic aperture radar (InSAR), so successful in imaging the Landers earthquake [Massonnet et al., 1993] , began to be applied to studies in the basin. The Los Angeles basin turns out to be quite amenable to InSAR investigations because its widespread urban sprawl results in minimal image decorrelation (although errors due to topography and atmospheric propagation are still significant).
[3] Even moderate earthquakes in the Los Angeles metropolitan region can cause significant damage, e.g., the 1971 San Fernando earthquake (M W = 6.6), the 1987 Whittier Narrows earthquake (M W = 6.0), the 1991 Sierra Madre earthquake (M W = 5.6), and the 1994 Northridge earthquake (M W = 6.8). Blind thrust faults in this region pose a significant earthquake hazard [e.g., Dolan et al., 1995; Shaw and Suppe, 1996] but are difficult to detect, which makes quantifying the hazard difficult. One of the goals of the SCIGN array is to identify active blind thrust faults and test models of compressional tectonics in the Los Angeles basin (see http:// www.scign.org).
[4] An important constraint in determining earthquake hazards for Los Angeles is the geodetically determined rate of contraction across the region. The Los Angeles basin (nearly 100 km wide and heavily populated) is contracting at a minimum rate of 4 -7 mm/yr (over the last 2 m.y.) in a direction perpendicular to the San Andreas Fault, along a line from Palos Verdes to the fault . The orientation of these rates is normal to the dominant structural grain as evidenced by fold axes and thrust fault trends.
[5] The rate of contraction is significant in that this signal is presumed to show the rate at which faults in the region are being loaded toward eventual seismic rupture, as part of the earthquake cycle. Dolan et al. [1995] argue that the geodetic shortening rate of $8.5 mm/yr across the Los Angeles metropolitan region would suggest that far too few moderate earthquakes have occurred in response to such strain accumulation, meaning that seismic energy is possibly being stored for one or more larger earthquakes (M W 7. 2 -7.6 ). An alternative explanation is that a significant part of this apparent strain buildup is being relieved as aseismic deformation. In this case, hazard estimates should only consider moderate earthquakes, such as have been experienced in the last 10 years, since most of the strain release would be aseismic and not accumulating toward release in large events. Recent GPS results and geological models indicate that a conjugate system of strike-slip faults with variable oblique components may accommodate as much as half of the observed shortening [Walls et al., 1998 ]. Consequently, surface and blind thrust faults may have lower slip rates and be less of a seismic risk than some recent models imply. On the other hand, Argus et al. [1999] maintain that the north-south shortening is accommodated mainly by vertical crustal thickening and only minor eastwest lengthening.
[6] In order to measure how the total contraction rate is accommodated within the basin it is necessary to achieve a geodetic measurement accuracy of a fraction of a millimeter per year. Combining CGPS and InSAR observations provides higher accuracy and spatial resolution than either method alone [Bock and Williams, 1997] . In the course of this work we initially noticed that the Newport-Inglewood fault zone (NIFZ) displayed significant interferometric phase signatures along most of its length [Watson et al., 1998 ]. This work was motivated by our desire to understand this feature and to determine whether or not it had tectonic significance. Our investigations have led to the conclusion that quantifying small crustal deformation by geodetic means is a more difficult task than originally imagined when the decision to deploy a concentration of SCIGN stations in the basin was made.
Tectonic History
[7] The NIFZ is a narrow band of deformation $2 km wide extending $70 km through the Los Angeles basin from Beverly Hills at the northwest limit to Newport Beach in the southeast [Yerkes et al., 1965; Hill, 1971; Freeman et al., 1992] . It consists of a series of en echelon folds and faults. Ten short (<10 km) anticlinal folds, which trend generally westward and which accommodate a series of major oil fields, form a right-stepping en echelon series with longer (<20 km) dextral strike-slip faults which strike roughly northwest and are arranged in a left-stepping en echelon manner [Hill, 1971 [Hill, , 1974 . At depth, an unconformity in the region of the NIFZ (assumed to be a ''master'' dextral strike-slip fault [Yerkes et al., 1965] ) separates continental (Peninsular Ranges) basement material in the southwest from oceanic (Catalina Schist) to the northeast [Hill, 1971; Yeats, 1973; Platt and Stuart, 1974; Yeats, 1974; Hauksson, 1987] . Wilcox et al. [1973] used plasticene to model the NIFZ using the theory of wrench tectonics [Harding, 1973] . This wrenching model explained both the juxtaposition of the basement facies and the en echelon fold and fault arrangement. Hauksson [1987] , however, believed that the surface features were instead due to northsouth basin compression.
[8] Slip rates in the NIFZ have been estimated by various authors and tabulated by Petersen and Wesnousky [1994] . They cite a mean value of 0.6 mm/yr for the Holocene vertical slip rate and note that the dextral slip rate could be larger. Grant et al. [1997] estimate a minimum dextral slip of 0.35 -0.55 mm/yr based on cone penetrometer tests and a rate of 1.0 -3.5 mm/yr based on graben geometry. It should be noted that Walls et al. [1998] use a rate of 0.5 mm/yr [after Grant et al., 1997] in their seismic risk assessment for the region. However, Dolan et al. [1995] , who estimate a recurrence interval of >16,690 years for a M W = 6.3 earthquake in the northern portion of the NIFZ, use a slip rate of <0.1 mm/yr. Currently, over 10 million people live in Los Angeles (LA) and Orange Counties. Most of that area, according to Toppozada et al. [1989] , would fall within the modified Mercalli (MM) VII isoseismal resulting from a postulated major (M = 7) earthquake on the NIFZ.
[9] The rate of seismicity in the NIFZ is high compared to other LA basin faults of Quaternary age with similar slip rates [Hauksson, 1987] . The largest recorded earthquake to have occurred in the region was the M L = 6.3 Long Beach earthquake of 10 March 1933. The earthquake left 120 people dead and many more wounded. The MM intensities of VI to IX extended from Laguna Beach north to Santa Monica and east to Whittier [Toppozada et al., 1989] .
[10] Hauksson [1987] relocated 64 earthquakes of M L ! 2.5 from 1973 to 1985 and showed that there was less scattering of seismicity about the fault than previously thought. The relocated epicenters formed a roughly northwest striking trend from Santa Monica to Dominguez Hills and then along the Los Alamitos fault. Most seismicity occurred at a depth of $7 -10 km, with a lack of seismicity shallower than 5 km. Using the focal mechanisms determined for a subset of the data (39 events), he demonstrated a variation in the stress field from north to south in the NIFZ with reverse and strike-slip mechanisms in the north indicating compression and normal and strike-slip mechanisms in the south indicating tension. This trend conflicts in the north with the fault parameters tabulated by Barrows [1974] . Cross sections by Shaw and Suppe [1996] show the NIFZ to be dipping to the northeast at angles of roughly 70°in the north (Cherry Hill fault region) to roughly 80°in the south (Seal Beach fault region), with normal slip.
Hydrologic Characteristics
[11] The NIFZ is known to separate the central and west coast groundwater basins of Los Angeles [Nikkel et al., 1988] . The structure of the region is conducive to oil reservoir formation (compared to other basins, the Los Angeles basin is, globally, the largest producer of hydrocarbons per unit area [Nilsen and Sylvester, 1999] ), and the NIFZ also creates a barrier which in some cases prevents seawater from polluting the groundwater reservoirs on the northeastern side of the zone [Barrows, 1973; Testa et al., 1988] . It is considered, though, an incomplete barrier to water flow in the region [see Poland, 1959] .
[12] There are three main groundwater bodies in the region of this study. They are semiperched water in strata of Holocene age; freshwater in Holocene, Pleistocene, and Pliocene deposits; and connate saline water underlying the freshwater [Piper et al., 1953; Poland et al., 1956] . The semiperched water is of varied chemistry and extends northeastward from the ocean via the gaps between the hills and mesas of the NIFZ. The connate saline water underlies the whole Long Beach -Santa Ana area and is separated from the freshwater body by an abrupt, largely impermeable transition. The freshwater body itself occurs in a very large volume of strata; it occurs in lower Holocene through upper Pliocene deposits [Piper et al., 1953; Poland et al., 1956] .
Surface Deformation Across the NIFZ
[13] Results obtained by Watson et al. [1998] showed an InSAR phase feature in the region of the NIFZ. Since the NIFZ is an active fault zone (albeit with a low rate of deformation), our initial study centered around a tectonic source for the phase feature. Modeling showed, however, at least an order of magnitude discrepancy between the required (modeled) slip rates and those found in the literature. Bawden et al. [2000 Bawden et al. [ , 2001 postulated a nontectonic source: aquifer pumping and recharge in a seasonal cycle. They showed up to 110 mm of vertical movement and up to 15 mm of horizontal movement in InSAR and GPS observations, respectively, over the period between 1997 and 1999 in the Santa Ana basin, with focused deformation along the NIFZ. This study seeks to refine the interferometric results of Watson et al. [1998] , correlating them with CGPS observations of SCIGN stations over the period 1993 -1999, longer than that of Bawden et al. [2001] .
Satellite Interferometry

InSAR and GPS
[14] CGPS and InSAR are highly complementary measurement techniques [Bock and Williams, 1997] . CGPS offers threedimensional vector measurements at widely spaced points with very high temporal resolution [Bock et al., 2000] . Ionospheric refraction effects on GPS signal propagation are minimized by observations at two radio frequencies, and tropospheric refraction effects can be well determined through a combination of modeling and estimation. The much greater spatial resolution of interferometric synthetic aperture radar (InSAR) ($100 m) is offset by its poor temporal sampling (>35 days), single look direction, greater susceptibility to tropospheric and ionospheric delays [Massonnet et al., 1993; Zebker et al., 1994; Massonnet and Feigl, 1998; Rosen et al., 2000] , and lower accuracy. Inherent errors (contributions to the phase) in the InSAR results are introduced by the atmosphere, the satellite orbits, and the topography. Methods such as stacking and using phase gradients enable minimization of these errors [see, e.g., Sandwell and Price, 1998 ]. Integrated satellite interferometry uses CGPS observations as a way to externally calibrate these InSAR errors ]. This current work follows that of Watson et al. [1998] and investigates InSAR phase signals occurring in the Los Angeles basin region using both geodetic tools along with supplemental data and analyses.
Interferometry
[15] The region of the NIFZ and the phase feature is included in ERS-1/2 frame 2925 track 170, which covers an area of about 100 km Â 100 km extending from Santa Catalina Island in the southwest to Pomona in the northeast. Up to December 2000, there are 65 orbits available for this region, beginning in June 1992. These orbits include both the nominal ERS-1 and ERS-2 phases (with a repeat interval of 35 days per satellite) and the tandem phase (with repeat intervals of 1 day and 34 days for ERS-1 to ERS-2 and ERS-2 to ERS-1, respectively). See Figure 1 for a plot of the perpendicular baselines for all 65 orbits, referenced to E1-23705.
[16] The data used in this study were pairs of ERS-1 and/or ERS-2 synthetic aperture radar (SAR) C band (5 GHz) scenes. These raw data were processed using software developed at Stanford University and the Jet Propulsion Laboratory and since modified at the Scripps Institution of Oceanography (see Price and Sandwell [1998] , Sandwell and Price [1998] , and Baer et al. [1999] for other examples of InSAR studies using this particular software for processing). The resultant signal consists of a map of complex values representing, among other things, the range to the ground and the scattering properties of that ground. Since the satellites do not exactly repeat their orbit and hence viewing geometry each pass, each successive image will sample a slightly different region of the Earth's surface. In order to compare the same region for a deformation analysis the images must be matched by aligning them all to one reference image. We used the precise orbits generated at Delft Institute for Earth-Oriented Space Research (DEOS [see Scharroo and Visser, 1998 ]) along with an algorithm that compares the amplitudes of the pixels in the two images in order to determine shift and stretch parameters to be applied to the repeat images.
[17] Once the reference and repeat images were aligned, we took the complex value of each pixel in the reference image C ref and multiplied it by the complex conjugate of the corresponding pixel value in the repeat image C rep to create an interferogram:
where R is the real part of the interferogram, I is the imaginary part, and A ref and A rep are the amplitudes of the reference and repeat images, respectively. Using the method of Sandwell and Price [1998] , we stacked the x and y phase gradients for 18 scenes (nine pairs) from frame 2925 track 170 using the precise DEOS orbits to derive the perpendicular baseline component B ? for each pixel, where
and B is the baseline or difference between the reference and repeat images which varies along the scene, q 0 is the look angle, and a is the baseline orientation angle (q 0 and a both vary along and across the scene). The pairs used for topographic recovery (indicated by dashed lines in Figure 1 ) had short time spans of 1 -35 days and B ? ranging from 68 to 377 m (Table 1) . These pairs were iteratively used to improve on U.S. Geological Survey (USGS) 1:250,000 digital elevation model (DEM) data for the region (using the method of Sandwell and Sichoix [2000] ).
[18] The need for accurate topography is integral to InSAR. More accurate topography allows the use of interferometric pairs with longer baselines, which would otherwise be too decorrelated or corrupted by topographic phase to decipher. Further, the use of more interferograms, with varied baselines, leads to a more accurate representation of the topography, which can then be used in other ways. is the absolute value of the mean B ? over the image.
b The master orbit.
[19] In order to study deformation we differenced the SAR/ DEM-derived topographic phase from nine interferometric pairs ranging in time span from 560 to 2052 days and in B ? from 2 to 114 m (Table 2 ). These nine interferograms should, in theory, be free from the effects of topography. Further, the atmospheric effect in the topographic phase should have been averaged among the nine topographic pairs and therefore minimized (but the deformation phases, having been created from only one pair, will still contain the full atmospheric effect). Note that there are many more examples that can be derived, probably more than 30, considering the high number of orbits available for the region.
Results
[20] The InSAR results are shown in Figures 2 and 3 . Note that the coverage of Figures 2 and 3 is only $70 km by $70 km (about half of the area of a regular ERS-1/2 SAR image) for clarity, since much of the rest is decorrelated or out of the focus of this (19980131_19920617 = 2052 days, overlapping the prior epoch) that does, we come to the conclusion that the feature must be generated in the extra 244 days, indicating a possible transient deformation source.
[21] On closer inspection of the InSAR images and GPS time series (below), we find an annual cycle to the vertical deformation having a peak one quarter of the way through the year and a trough three quarters of the way through the year. Interferograms with spring to fall time spans show the largest signal, while time intervals of exactly 1 year have small signals. The only exception to this observation is E1-11838_E2-18060 (1808 days = 4.95 years), which shows over one fringe of phase (Figure 3g ). Since the fringes occur in areas where the topography is flat, a topographic error cannot be responsible. Indeed, since the flat areas are basins, it may imply a hydrological cause, as proposed by Bawden et al. [2001] .
Discussion
Hydrology and GPS
[22] To further evaluate the annual signal, we analyzed meteorological data using the total monthly surface precipitation (TPCP) data obtained online from the National Virtual Data System (http://www.nvds.noaa.gov). Plots showing the precipitation per month were prepared. The data show a consistent yearly peak in the January -February region. During the period covered by the InSAR analysis (17 June 1992 to 5 June 1999), there were three consistent maxima occurring both in the regions southwest of and northeast of the NIFZ. These maxima occurred in January 1993, January 1995, and February 1998.
[23] We also analyzed groundwater data using water surface elevation (WSE) data obtained from three sources: both offline (courtesy of G. Gilbreath, personal communication, 2000) and online from the California Department of Water Resources (http:// well.water.ca.gov), and offline from the Los Angeles County Department of Public Works (courtesy of M. Utley, personal communication, 2000) . Comparisons of groundwater levels for each of the InSAR epochs were created on a 20-day basis for the master and slave passes. (Data for 10 days before each pass and 10 days after each pass were averaged.) The differences were then contoured and compared to the interferograms. These contour plots of differential groundwater showed no similarity to the respective interferograms. However, when groundwater surface elevation (WSE) time series were plotted with GPS up component and precipitation TPCP time series (Figure 4) , a clear correlation could be seen. It appears that in general, a maximum WSE and up sine curve amplitude occurs following a maximum precipitation rate. The offset in the precipitation and the seeming response of the WSE and GPS is about one quarter of a year (p/2 = 3 months), which is what would be expected if they are indeed responding to a maximum water flux in the region due to the precipitation. Since the interferometric phase and GPS signals occur in the same region NE of the NIFZ and do not cross the NIFZ, it implies that the NIFZ does indeed form a watertight barrier in the region. The Talbert water-bearing zone, which underlies the region and should facilitate water flow, seems ineffective.
[24] We further investigated the effect on both the vertical and horizontal GPS data. As shown in Figures 5 and 6 , there is a strong annual sinusoidal signal in the GPS up component values for sites close to, and on the NE side of, the NIFZ. This signal is also apparent in the north components (Figures 7 and 8a) but at smaller amplitudes. No such signal is readily apparent in the east component (Figure 8b ). Note that there are also linear trends in the up time series, which are indicative of vertical deformation, but there is no consistent direction, up or down.
[25] We modeled the time series trends using the method of least squares to estimate the amplitude (A) and phase (f) of a sinusoidal curve fit to the up (U ) time series:
where t is the time (years), m is the gradient of the linear slope, and c is a constant. The estimated amplitudes and phases, like the TPCP and WSE comparisons, were then contoured.
[26] The amplitudes of least squares-derived sine curve fits to the up components for sites in the region with time series longer than 1.5 years (except SACY, which is just over 1 year long) are shown as a contour map in Figure 9 . The spatial character of the contours shows a remarkable consistency with the major InSAR feature on the NW side of the NIFZ (compare to Figures 2 and 3) . Further, the amplitude of the curve for the station SACY (maximum for the region) is 14.7 mm (Table 3) which would translate to roughly one phase fringe in an interferogram covering a minimum to maximum (or vice versa) period. This is only half the maximum amplitude of the feature seen in the interferograms (about two fringes). However, the least squares method used might underestimate the amplitudes, especially if there are periodic components other than a purely annual signal (see Figures 5 and  7) . A similar contour plot is overlain for the least squares-derived phases. These phase values indicate that other regions are unrelated, either because they have a different phase or they are located in a different region.
[27] Since the effect on the up component of the GPS time series in the region of the NIFZ closely follows a sinusoidal curve with a delay of p/2 (3 months), a correction could (and should) conceivably be applied to the series (and to a lesser extent to the north series). Further, the implications for seismic risk in the region of the movement beside the fault should be studied. InSAR features on a smaller spatial scale may also be seen in the Wilmington oil field area. These features are due to fluid input and withdrawal and can be successfully modeled using subsidence contour data from the California Department of Conservation [see, e.g., Guerard, 1999] . The NIFZ feature would seem to be similar (ground surface response to underground fluid level fluctuations) but on a much larger scale. Galloway et al. [1998] also used InSAR to demonstrate groundwater level change in the Antelope Valley.
Atmospheric Considerations
[28] The zenith neutral delay (ZND) gives a representation of possible atmospheric effects on SAR images [see, e.g., Williams et al., 1998 ]. Hence ZND data derived from GPS solutions were investigated. An average of the hourly data for the two GPS epochs occurring about the SAR satellite flyover time was determined for those SAR passes which had corresponding GPS data. The data from the master SAR pass was subtracted from the data of the slave SAR pass, and a comparison map of differenced ZND was plotted. The map was then compared to the relevant interferogram. We also looked for any large differences between the ZND values for sites on different sides of the NIFZ. Unfortunately, there were little or no ZND results available for the region for the earliest epochs (pre-1994) .
[29] The maximum ZND difference across the NIFZ was $42 mm between sites PVEP and TRAK for the orbit pair E1-23705_E2-12048 (6 December 1996 to 9 August 1997). This maps into $85 mm of two-way delay in the line of sight of the radar, or about three phase fringes. The maximum difference in pair E1-23705_E2-17559 (26 January 1996 to 29 August 1998) was $15 mm for PVEP/TRAK, or about one fringe. Unfortunately, both PVEP and TRAK appear in decorrelated regions of the interferograms, so no direct comparison could be made between the InSAR and ZND results. However, stations USC1 and HOLP (and LBCH) do appear in correlated regions of the interferograms. These two sites have approximate ZND differences of about one half of a fringe and less than one sixth for pair E1-23705_E2-17559, about one tenth and more than one half for E2-07539_E2-19563, and about one sixth and one seventieth for E1-23705_E2-12048, respectively. These ZNDderived phase differences agree with the interferograms for station USC1 but not for station HOLP. Overall, the ZND contour plots did not match the interferograms, but the data set was rather sparse. As a result, we cannot rule out the possibility that ZND effects are responsible, at least in part, for the phase features seen in the interferograms. Watson [2001] discusses these and other results in more depth.
Conclusions and Future Work
[30] Our results confirm the hypothesis of Bawden et al. [2001] that the 60-mm amplitude periodic interferometric phase signature along the NIFZ and in a zone of about 20 km by 40 km to the northeast has an annual cycle. Continuous GPS measurements clearly display the annual cycle, while the spatial extent of the groundwater surface deformation is most apparent in interferograms having spring to fall time spans. Contours of the amplitude and phase of the annual signal derived from GPS are in remarkable agreement with the vertical motions derived from InSAR in this zone.
[31] The broad signature associated with such a shallow source implies that the water table achieves hydrostatic equili- brium on timescales much shorter than 1 year. This signal is of hydrologic importance and could be used to assess groundwater recharge and usage. The sharp interferometric phase gradient across the NIFZ is consistent, therefore, with a model where the fault acts as a barrier to groundwater. Annual variation in groundwater on the northeast side of the NIFZ causes volumetric expansion of the sediments that appear to induce both vertical and horizontal differential motions across the fault. Oddly, the horizontal motions are not just confined to the NIFZ but correlate to areas where annual vertical motions are greatest.
[32] The presence of large annual signals of hydrologic origin in the southeastern part of the Los Angeles basin will need to be taken into account when interpreting the geodetic data for tectonic motion. For GPS, amplitudes of annual vertical displacements are significant for at least 11 SCIGN sites and range from 3 to 22 mm in the affected zone with an uncertainty of only a fraction of a millimeter, as well as for other sites distributed over a larger part of the basin in the range of 1 -3 mm ( Figure 6 ). Furthermore, amplitudes of annual horizontal motions are $1 -2 mm, primarily in the north direction away from the NIFZ (Figure 8a ) but only in the affected zone. This is considerable, however, since the entire horizontal signal (i.e., the contraction rate) in the Los Angeles basin is only $7 -8 mm/yr, and we are seeking to detect horizontal displacement rates with submillimeter precision. Most disturbingly, some GPS sites within this zone show a long-term vertical trend (both up and down) that may be related to secular trends in groundwater levels and may mask interseismic tectonic signals such as would be related to vertical crustal thickening hypothesized by Argus et al. [1999] .
[33] To address these issues, it is clear that we will need to take better advantage of the strengths of both GPS and InSAR. For example, the dense GPS coverage in the basin can be use to calibrate the InSAR measurements for tropospheric, ionospheric, and orbital errors, but this approach has not yet been fully exploited. We need to analyze more interferometric images to further improve our determination of the topography, to reduce tropospheric effects, and to better identify zones with significant nontectonic signatures. The continuous GPS time series are still short at most sites, and the SCIGN network is only now reaching its full complement in the basin. Finally, we need to make more comparisons with hydrologic data. 
